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Abstract

A detailed calculation of the energy spectrum of secondary protons in
the atmosphere is being carried out in the energy range 20 MeV - 40 GeV.
In this calculation, we have taken into account ail processes leading to the
production of secondary protons with the air target nuclei. The energy
spectrum of secondary protons as a function of the atmospheric depth
has been calculated using all relevant energy loss processes. In this paper,
we examine the effect of the geomagnetic cut-off on the spectral shape of
secondary protons especially at energies below the geomagnetic cut-off
for small atmospheric depths.

1 Introduction

Secondary protons are produced in nuclear interactions of cosmic ray nuclei
with air nuclei during cosmic ray propagation in the atmosphere. Although
primary protons are not expected to reach the earth's atmosphere below the
geomegnetic threshold rigidity at a given geographic location, one sees con-
siderable amount of protons well below the threshold rigidity at balloon al-
titudes. These are either due to the fragmentation of heavier nuclei or due
to the interaction of primary protons and the evaporation of target nuclei in
the atmosphere. Therefore, the secondary proton spectrum observed below
the geomagnetic threshold rigidity depends upon the latitude at which the
observation is made. The intensity of this radiation depends also on the solar
activity, specially at high latitudes. Most of the experiments to measure cos-
mic ray composition and energy spectra were carried out using balloon-borne
instruments at different latitudes. An exact knowledge of the secondary spec-
trum provides a valuable check on the performance of the instrument at the
float altitude. Preliminary results of the production of secondary protons at
small atmospheric depths at very high latitude, where the geomegnetic cut-off
is very low, were presented earlier (l). In this paper we consider the varia-
tion of the secondary proton spectrum with latitude due to the effect of the
geomagnetic field.
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2 Calculation procedure

Lri order to determine the proton difTerential energy spectrum as a function of
the atmospheric depth, we solve simultaneously the transport equation for the
secondary protons along with those of primary protons, secondary neutrons
and primary helium nuclei.

The transport equations axe:

•
dx dE
E,x,6) d

dx

~di = XP(E)
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where J(E1x,0) are the differential fluxes as a function of the kinetic energy,
of the atmospheric depth and the zenith angle. The subscript letter to the
flux term corresponds to primary protons (P), neutrons (N), helium nuclei
{He) and secondary protons (5).

In the above set of equations, equation (1) describes the change in the
primary proton spectrum at any given depth in the atmosphere. The first
term on the R.H.S. of this equation takes care of the ionization energy loss.
The second term describes the loss of protons due to interactions, where A'
is the interaction length in air. In the same manner, equation (2) is for the
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helium spectrum at a given depth. We have multiplied the interaction term in
equation (2) by a factor 0.5 because in *He interactions there is, on average,
50% probability that either 3He or 3H are produced.

Equation (3) describes the neutron spectrum in the atmosphere. The sec-
ond term on the R.H.S. of this equation gives the number of stripped neutrons
from interacting helium nuclei, having the same energy per nucleon as the par-
ent nuclei. In this term, the first part in the brackets is the total interaction
probability, which includes pure spallation and those processes involving large
momentum transfer due to pion production. The second part is the interaction
probability which involves large momentum transfer. From the cross section
available in literature as a function of energy, we estimated that, on average,
2.5 free nucleons are produced in each interaction. It is reasonable to assume
that this number of produced nucleons is shared equally by protons and neu-
trons, and hence we have a factor 1.25 in this term. The next term takes
care of the particle energy loss during inelastic interactions, where the lower
integration term represents the threshold energy for pion production. The
fust part of this term in the square brackets is related to the surviving neu-
trons during inelastic interactions of protons; here the mean charge exchange
probability a is assumed to be 0.333. The second part of this term represents
the number of surviving protons which become neutrons due to the charge
exchange process in proton interactions and the third part corresponds to in-
teracting neutrons in helium interactions. In this term, $ is the normalized
energy distribution function of the outgoing particle and it is the probability
that the incoming nucleon with kinetic energy per nucleon E' produces an
outgoing nucleon with kinetic energy E. The last term in equation (3) is the
production of neutrons from the target air nuclei during inelastic interactions
either through evaporation or by recoil processes [l].

Equation (4) describes the change in the secondary proton spectrum in the
atmosphere, it is similar to equation (3) except for the fact that it contains
also the ionization energy loss term. It can be noted that both the equations
(3) and (4) are coupled to all other equations and hence we need to solve the
above set of equations simultaneously.

For the interaction mean free paths, A/>#e, used in the above equations,
we considered collisions where large momentum transfer takes place, such as
those associated with pion production. For this purpose, we have modified the
energy dependence of the P-fP inelastic cross section [2] to take into account
the effect of the Fermi momentum distribution of the target nucleons [3]. The
parametrization of the cross-section thus obtained was normalized at high
energies to the P-Air and He-Air interaction lengths.

The interaction length as a function of energy, Ap, for interactions includ-
ing spallation and deep inelastic interactions is obtained using the measured
P + C cross section [4). This cross section is then normalized, at high energies,
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to that measured by Webber et al. [5] using Nitrogen target after scaling it Lo
air. The interaction length \'^e has been obtained with the same procedure
starting by the measured cross section ap+He by Meyer et al. [6|.

In order to solve the set of equations 1-4, we needed as input parameter
a parametrization of the primary cosmic ray spectra at the top of the atmo-
sphere. We have obtained a set of analytical expressions to be used in the
calculations as best fits to the observed data on primary cosmic rays during
the periods of maximum and minimum solar modulation. We have also taken
care of the contribution of cosmic ray nuclei heavier than helium properly
increasing the helium fiujc at the top of the atmosphere.

In order to determine the secondary proton spectrum at different latitudes,
we have constructed the primary rigidity spectra with nearly a sharp threshold
at low and very high latitudes. In the intermediate latitudes, where panum-
bral bands play an important role, we made use of the spectral shape of the
observed rigity spectrum of helium nuclei to construct the incident spectra of
p, He and heavy nuclei. These spectra are then propagated in the atmosphere
to determine the secondary proton spectra at small atmospheric depths by
solving the equations 1-4.

The results will be presented at this conference.
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